Municipal wastewater was treated by membrane bioreactor (MBR), and the obtained MBR effluent was then treated by reverse osmosis (RO), and nanofiltration (NF). The MBR effluent was additionally treated by reverse osmosis (XLE) and nanofiltration (NF90 and NF270) membranes. RO and NF permeate output streams were assessed for their utilization in agricultural irrigation. The MBR used a hollow fiber ZeeWeed 1 ultrafiltration membrane. Conductivity, turbidity, total suspended solids, chemical oxygen demand, and dissolved organic carbon were rejected by MBR with average values of 10 %, 100 %, 99.8 %, 96 %, and 88 %, respectively. Further treatment with RO/NF membranes showed additional reduction in all measured parameters. According to results, MBR effluent belongs to the 'slight to moderate' degree of restriction on use due to conductivity, chloride, and sodium concentrations. RO/NF permeate, based on all parameters, belongs to the 'none' degree of restriction on use, except on sodium adsorption ratio (SAR), where it belongs to the 'severe' degree of restriction on use. Based on conductivity and SAR parameters, assessment of produced water quality obtained by blending of two effluents (50 % of MBR and 50 % of NF270 permeate) resulted in an output stream appropriate for irrigation, proving that the blending of output streams in this ratio is a good strategy for agricultural irrigation.
Introduction
Climate change, along with industrialization and population growth, is becoming a global problem in both the supply of drinking water and water for industrial and agricultural purposes. Climate change is primarily seen through the rise in temperature and rapid and intense droughts and floods. The Intergovernmental Panel on Climate Change published its 'Special report on global warming of 1.5 °C', demonstrating how important it is to keep temperature increases below 2 °C, which would reduce the risks to human well-being, ecosystems, and sustainable development. 1 The negative impact of climate change will continue at least throughout the next decades; thus, the development and application of new technologies aimed at the mitigation of negative effects of climate change are needed. 2 In the last decades, water is no longer considered an inexhaustible resource. 3 Water scarcity and droughts (caused by climate change), which are increasingly frequent and widespread across Europe, have become a major challenge. This is evident from the fact that water scarcity is affecting at least 11 % of the European population and 17 % of its territory. 4 Therefore, the European Innovation Partnership gave high importance to water reuse and recycling by included them in its top five priorities. 4 However, on the European level, there are no regulations concerning wastewater reuse, apart from the Urban Wastewater Treatment Directive (91/271/ EEC), which under Article 12 states that "Treated wastewater shall be reused whenever appropriate". 5 Thus, wastewater reuse across Europe is carried out under national regulation or guidance. So far, wastewater reuse in Croatia is nonexistent (because of nonexistent regulations and prohibition on use of unregulated water).
In times of prolonged drought, agriculture has an increased need for water; thus, it is important that reclaimed wastewater meets international guidelines for irrigation, which assures the safety of crops and minimizes the risks on human health and the environment. These objectives can be achieved by promising treatment technologies, such as membrane technologies of microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), and membrane bioreactor (MBR). In the last decade, membrane technologies have been used for wastewater reuse. [6] [7] [8] [9] [10] [11] However, most recent papers 6, 7, 11, 12 reported processing of MBR effluents by NF and RO membranes in order to improve its quality and meet irrigation regulations. General characteristics of reclaimed wastewaters intended for irrigation should be compared, and must comply with appropriate standards. 9 The aim of this study was to characterize and evaluate MBR, NF, and RO treated municipal wastewater for its reuse in agricultural irrigation in accordance with various international guidelines. 13, 14 Materials and methods
Experimental set-up
A small lab-scale submerged MBR used for municipal wastewater treatment was equipped with adequate sensors (measurement of pressure, flow, temperature, and level regulation), an Alpha Programming (SW0D5-ALVLS-EU) (Mitsubishi Electric Corporation, Japan) data acquisition system, in order to monitor the system (Fig. 1 ). The hydraulic volume of the MBR was 5 L. The MBR was seeded with biological sludge from a municipal WWTP (Čakovec, Croatia).
The immersed laboratory MBR used a submersible UF hollow fiber module ZeeWeed 1 (ZW-1) from GE Water & Process Technologies (Hungary). The mode of filtration in hollow fiber membrane, depending on the direction of permeate flow, was outside-in. Permeate flow was measured with Cole Parmer (C3290843) flowmeter and connected to a computer. The nominal membrane surface area was 0.046 m 2 with nominal membrane pore diameter (size) of 0.02 μm. Membrane characteristics given by the manufacturer are listed in Table 1 .
NF and RO were performed with NF270 (loose NF), NF90 (tight NF), and XLE (dense RO) membranes (Dow-Filmtec, USA) at 12 bar in a laboratory set-up ( Fig. 2) and as described in a previous publication. 18 The feed (MBR effluent) from a 10-L tank was circulated through the membrane cell at a flow rate of 3 L min -1 (fluid velocity 0.75 m s -1 ). The membrane characteristics are listed in Table 1 . Prior to the experiment, the pristine membranes were washed with demineralized water (7 L) to remove the conserving agent, precompressed for 1 h at 15 bar, and stabilized for 30 min at working pressure. NF/RO experiments were carried out in batch circulation mode for 3 h, meaning that permeate and retentate were circulated back into the feed tank, and one permeate sample of each membrane was taken after 3 h and analyzed.
Municipal wastewater
The municipal wastewater was sampled in a WWTP, with a capacity of 75 000 population equivalent, located in Čakovec, Croatia, after large screening (removal of large floating objects) and grit chamber (removal of sand and grease). The wastewater is 1/3 of industrial origin and 2/3 of domestic origin. Its composition is given in Table 2 . Municipal wastewater samples were brought in 2 batches. Each batch was characterized and continuously fed to the MBR. The quality of water samples collected during investigation was evaluated using both Food and Agricultural Organization (FAO) and World Health Organization guidelines. 13, 14 Summarized criteria for agricultural irrigation are given in Table 3 . The 'severe' degree of restriction means that this type of water may cause serious drop in infiltration (downward movement of water through soil) and it is unusable for irrigation; 'slight to moderate' degree of restriction means that it may have some negative effects on infiltration, but it can be used with caution; and 'none' degree of restriction on use refers to water that will have no harmful effects on infiltration. 6 
Operating conditions
The MBR experiments were carried out for 3 days at the following operating conditions: 26.8±0.8 °C, transmembrane pressure (TMP) around -0.035 bar, permeate flux of 18 L m -2 h -1 , hydraulic retention time (HRT) of 6 h, air supply rate 20 L min -1 , and mixed liquor suspended solids (MLSS) of 10.9 -11.5 g L -1 . The operation mode of the system was suction 10 min, and 1 min of backwash. Sludge retention time (SRT) is not mentioned here since no sludge was removed from the reactor throughout Ta b l e 1 -Characteristics of used membranes [15] [16] [17] 
Analytical methods and water analysis
The water analysis was conducted for the main wastewater parameters according to Standard methods 19 , which included conductivity (κ), pH, turbidity, organic content (chemical oxygen demand (COD), dissolved organic carbon (DOC)), anions (F -, Cl - 
Results and discussion
In addition to the mitigation of possible health effects associated with the use of treated municipal wastewater in agriculture, good irrigation practices will need to be followed to ensure a good crop yield and to minimize risks to the environment. 13 Therefore, the parameters of municipal wastewater and those of MBR and NF/RO effluents were compared to the criteria for agricultural irrigation ( Table 3 ). The characteristics of sampled municipal wastewater used in this study are given in Table 2 . The municipal wastewater was characterized by high turbidity and TSS, and relatively high COD. According to the parameters defined by FAO and WHO guidelines, this wastewater was not suitable for agricultural irrigation and the most problematic parameters were turbidity of very high value (260 and 237 NTU) and TSS (536 and 440 mg L -1 ). According to other parameters, the wastewater could be used for irrigation with 'slight to moderate' restriction on use, only nitrate in the first sample (86.70 mg L -1 ) belongs to 'severe' restriction on use.
MBR treatment
Municipal wastewater was first processed by MBR under conditions specified in the section Operating conditions. MBR effluent was characterized 3 times since it was treated with 3 different membranes in the second step (Table 4 ). MBR-1, MBR-2, and MBR-3 were effluents used for XLE, NF90, and NF270 membranes, respectively. Nevertheless, an explanation will be given for all three MBR effluents together, since they were fairly similar in composition.
Conductivity is a very important water quality factor for crop production because water with high conductivity causes physiological drought (this causes the inability of plants to compete with ions in the soil solution and water, which affects the crop). 6 As expected, conductivity decreased slightly (9.3-10.2 %) since MBR is inappropriate for the retention of electrolytes (ions), which is in agreement with previous studies. 12, 20 According to the conductivity, MBR effluents satisfy 'slight to moderate' restriction on use. In addition to conductivity, sodium imbalance in irrigation water can have a substantial impact on crop production. When irrigation water has high sodium content relative to the calcium and magnesium contents, water infiltration decreases. 6 Excessive levels of exchangeable sodium adversely affect the soil physicochemical properties 7 and needs to be considered. The most used index is SAR. The decrease in SAR was very low since removal of cations (Na + , Ca 2+ , and Mg 2+ ) with MBR and UF membranes was not expected. 12 Concerning SAR and conductivity, the MBR effluent fell into the category of 'none' degree of restriction on use. The pH of permeate increased above 8, which was in compliance with FAO guidelines, but a little high according to WHO guidelines. It was probably because the air flow in the MBR tank resulted in the desorption of CO 2 from the MBR mixed liquor. 21 Turbidity and TSS are visual indicators of water quality, and MBR showed to be very effective since both decreased >99.8 %. This confirms the effectiveness of MBR for turbidity and TSS removal. Concentrations of chloride and sodium were also regulated, meaning that the MBR effluent fell into the category of 'slight to moderate' degree of restriction on use. Organic matter, expressed as COD and DOC, were decreased below 14.1 mg L -1 and 13.98 mg L -1 , respectively, suggesting that their removal was higher than 96 % and 88 %, respectively. High removal of organics confirmed the high efficiency of MBR, and since sludge was taken from WWTP Čakovec, it was obvious that the sludge had acclimated to the used wastewater from the start of the experiment. The nutrients in the wastewater were below the level required by regulations, and after MBR, no significant changes were present. For nitrate and potassium, the concentrations were similar, while phosphate had decreased by 35 % -54 % during the MBR treatment.
RO/NF treatment
The membranes for the second step were selected according to their characteristics to cover the range of loose NF to dense RO membranes. Characteristics of XLE, NF90, and NF270 effluents are given in Table 5 . All monitored parameters were decreased additionally with tested NF/RO membranes. For conductivity, the highest removal was obtained with XLE membrane (96.9 %), and the smallest for NF270 (62.6 %). For NF90, the retention was 96.0 %, which was similar to XLE membrane. Turbidity was already low after MBR, but after treatment with RO/NF membranes, an additional small decrease was obtained. Organic compounds, expressed with DOC and COD, were below 0.35 mg L -1 and <5.0 mg L -1 , respectively. Anions, cations, and nutrients (Table 4 ) were, in this case, below FAO and WHO regulations ( Table 3 ), but after RO and NF treatment, they had additionally decreased. Depending on membrane type, their concentrations in the permeates differ. The lowest concentration of these parameters in permeate were obtained with XLE membrane, followed by NF90 and NF270, except for NO 3 -, PO 4 3-, and SO 4 2-. For these anions, the concentrations were very low; thus, their change was within measurement error, but the concentrations significantly decreased.
In general, the results after treatment with RO/ NF membranes are in accordance with the mem- (Table 5 ) with the parameters given by regulation (Table 3) , it can be concluded that the permeates of XLE, NF90, and NF270 membranes satisfy the requirements for the category of 'none degree of restriction on use for all parameters if conductivity is taken into account. According to SAR, membrane permeates belong to the category of 'severe' degree of restriction on use. Infiltration problem, expressed by SAR and EC w , was caused by unbalanced removal of sodium, calcium, and magnesium ions affecting SAR values. 7 Salinity affects crop water availability, while SAR affects infiltration of water into the soil. It can be concluded that MBR effluent, RO, and tight NF permeates are unsuitable for irrigation. MBR effluent is very often unsuitable because of high salinity (conductivity) and specific ions (in this case chloride, sodium, nitrate). 6, 12 The RO and tight NF permeates are also unsuitable due to high removal of sodium, calcium, and magnesium, which directly impact the SAR values. 10 Bearing this in mind, mixing RO/NF permeates with MBR effluent in appropriate ratios may have suitable composition values for irrigation. Therefore, calculated values are presented in Table 6 . The blending of 50 % of MBR effluent with 50 % of NF270 permeate gives a SAR value of 1.67 with a conductivity of 730 μS cm -1 . In this case, the infiltration hazard is resolved, since the WHO and FAO guidelines for water of the 'none' degree of restriction on use is κ >700 μS cm -1 (10 % deviations are acceptable) for a SAR range of 0-3. XLE and NF90 membranes had a most significant conductivity decrease (Table 6) , so it was difficult to solve the infiltration hazard, since SAR value varied from 0.87 to 1.55 and from 1.19 to 1.55, respectively, and for the 'none' degree restriction on use, water conductivity must be >700 μS cm -1 . For these two membranes, none of the ratios was appropriate for irrigation. For this kind of situation, water can be treated to reduce SAR and increase conductivity. It can be accomplished by continually adding soluble calcium (for example, gypsum, calcium chloride) to the irrigation water. 23 Addition of calcium reduces sodium hazard by reducing water SAR and increasing water conductivity, and the treated water can be used for irrigation with a 'none' degree restriction on use.
Conclusion
This study shows that smart management of biologically treated municipal wastewater and RO/NF permeate could be helpful in producing a reliable source of water for agricultural irrigation.
The results demonstrated a stable and suitable quality of the permeate in MBR with regard to the removal of turbidity (99.8 %), TSS (100 %), COD (96 %), and DOC (88 %). Nevertheless, MBR effluent fell into the category of 'slight to moderate' degree of restriction on use, due to low rejection of conductivity (10 %), sodium (2.4 %), and no changes for chloride. RO (XLE) and NF (NF90 and NF270) membranes additionally decreased all parameters in significant amounts, due to their tight porous structure. The permeate with the highest quality was achieved with XLE membrane, while NF270 membrane showed the lowest. The greatest differences were observed in the conductivity and content of chloride, nitrate, sodium, magnesium, and calcium. RO/ NF permeate alone showed 'severe' degree of restriction on use due to very high removal of conductivity.
The management of both effluents (MBR and RO/NF) consisted in finding the ideal blending ratio to meet specific water reuse guidelines. The optimum blending ratio was found to be 50 % of MBR effluent with 50 % of NF270 membrane permeate. By blending the MBR effluent and NF permeate, a more sustainable treatment could be achieved, i.e., less energy consumption and less NF/RO concentrate generation.
